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1. Introduction {#sec1}
===============

Inexpensive and stable metal-oxide semiconductors capable of absorbing visible light to drive the water splitting reaction have gained special interest from the scientific community in the past few years.^[@ref1]−[@ref4]^ However, metal-oxide semiconductors suffer from significant losses due to their high bulk recombination of charges generated by light absorption, a consequence of their relatively low charge carrier mobility and short diffusion lengths.^[@ref3]−[@ref5]^ Although doping can show an increase in the number of charge carriers of more than 1 order of magnitude,^[@ref3]^ low hole diffusion lengths, usually on the order of a few nanometers,^[@ref5]^ compared to the usual light penetration depth, on the order of 100 nm for visible light,^[@ref6]^ lead to the absorption of the majority of photons in the bulk and far from the space charge layer.^[@ref7]^ Therefore, the vast majority of photogenerated charge carriers do not contribute effectively to the water splitting reaction. To tackle this intrinsic limitation, several nanostructuring approaches were shown to further improve the dynamics of photogenerated charges enhancing the final photocurrents.^[@ref8]−[@ref11]^ For instance, Kay et al.^[@ref12]^ obtained a significant increase in photocurrent to a value of 2.2 mA/cm^2^ at 1.23 V vs reversible hydrogen electrode (RHE) and 42% incident photon-to-current conversion efficiency (IPCE) at 370 nm by optimizing the nanostructure of hematite (α-Fe~2~O~3~) doped with Si. Nevertheless, despite the promising performance of nanostructured hematite thin films, quantum conversion efficiencies remained relatively low (\<20%) in the absorbance region between 450 and 600 nm, where the solar spectrum is peaking.

A potential strategy to enhance the performance of metal-oxide photoelectrodes could involve the design of thin-film semiconductors with thicknesses in the range of the space charge layer to fully utilize the photogenerated charges for the water splitting reaction. In other words, host--guest architectures where a very thin film of a light-absorbing semiconductor (guest or absorber) is deposited onto a nanostructured current collector (host or scaffold) could help decoupling charge transport and light harvesting while at the same time increasing the surface area of the photoelectrode. Following this strategy, Sivula et al.^[@ref13]^ observed a 20% increase in photocurrents for a host--guest system comprising α-Fe~2~O~3~ (guest) and WO~3~ (host). Similarly, Müller et al.^[@ref14]^ reported an increase in the charge transfer efficiency of 88% when an inverse opal WO~3~ scaffold was spin-coated with Sn-doped α-Fe~2~O~3~. In the same line, antimony-doped tin oxide and indium-doped tin oxide inverse opals were also employed as scaffolds rendering similar results.^[@ref15]−[@ref17]^ A recent report from Jaramillo's group exhibited a template-assisted ion milling technique for the top-down formation of nanopillars on commercial fluorine-doped tin oxide (FTO) samples providing a 40% enhancement of the final photocurrents when compared to the planar counterpart in WO~3~ photoanodes deposited by atomic layer deposition (ALD).^[@ref18]^ Although this work represents a very promising proof of concept, the relatively low aspect ratio of the nanopillars (roughness factor was 1.4 times over native FTO) in the resulting scaffold and the complexity of the milling process are the main drawbacks of this top-down approach.

The fabrication of high-quality FTO thin films by different methods, such as magnetron sputtering or air blast spray pyrolysis, has attracted much attention in recent years.^[@ref19]−[@ref21]^ Moreover, the synthesis of nanostructured SnO~2~ arrays by chemical vapor deposition (CVD) for sensing applications was also reported.^[@ref22]−[@ref25]^ However, the incorporation of fluorine species in the structure of cassiterite SnO~2~ has proven to be more challenging.^[@ref26]−[@ref29]^ Motivated by the computational study of Wang et al.,^[@ref30]^ demonstrating the potential benefits of high-aspect-ratio scaffolds, we have developed in our lab a novel lateral ultrasonic spray pyrolysis (USP) method, also known as aerosol-assisted chemical vapor deposition (AACVD), for the preparation of template-free, highly conductive, and high-aspect-ratio FTO nanopyramids for use as nanostructured scaffolds in photoelectrochemical applications. The main advantages of USP strive in its simplicity and wider choice and availability of precursors together with high deposition rates and precise stoichiometry control. [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf) shows a schematic model of the nanoarchitecture, where a thin hematite coating acts as a light absorber, whereas FTO serves as a current collector and nanostructured scaffold. To demonstrate the feasibility of our new synthesis approach and serving as proof of concept, bare hematite thin films of ca. 50 nm thickness were deposited by vertical USP onto commercial FTO (TEC 15) and our nanostructured FTO (three-dimensional (3D)-FTO), and their oxygen evolution reaction (OER) performance under simulated 1 sun front illumination was compared.

To the best of our knowledge, this is the first time that a template-free, high-aspect-ratio nanostructured FTO scaffold prepared by USP has been employed as a photoanode substrate for photoelectrochemical water splitting. The simplicity and high reproducibility of this fabrication process offer new possibilities for the design of other metal-oxide photoelectrodes where the photogenerated charge collection and light absorbance can be optimized to match the thickness of the space charge layer while maintaining high light absorption.

2. Experimental Section {#sec2}
=======================

2.1. Chemicals {#sec2.1}
--------------

In the preparation of tin precursor solutions, 13.4 mmol SnCl~4~·(H~2~O)*~x~*, Alfa Aesar (98% pure), was dissolved in a mixture composed of 3 mL of acetone and 47 mL of deionized (DI) water and stirred for 30 min. Then, different amounts of NH~4~F, Alfa Aesar, ACS (98% pure), ranging from 25 to 40 mmol were added to the solution and stirred for another 30 min. To adjust the pH to 0, 10 μL of concentrated HCl, Sigma-Aldrich (37%), was added to 10 mL of DI water and mixed with the solution during stirring.

For the preparation of the iron precursor, 1 mmol Fe(C~5~H~7~O~2~)~3~ (iron acac), Acros Organics (99% pure), was dissolved in 50 mL of dimethylformamide, Fisher Scientific (99% pure), and stirred overnight. NaOH (99%), Emsure, was used to adjust the pH in the photoelectrochemical cell.

Commercial FTO-coated glass (Pilkington, TEC 15) and optical-grade fused silica (2 mm) slides with dimensions of 30 × 15 mm^2^ were employed as substrates for the deposition of 3D-FTO and hematite. Prior to their use, each slide was mechanically cleaned with abrasive detergent (CIF cream, Unilever) twice and immersed in a mixture of ethanol, acetone, and water and then placed in an ultrasound bath (45 kHz and 100 W) for 15 min. Afterward, the solution was changed for 1 M HCl followed by another 15 min ultrasound bath step and then another 15 min in DI water. Finally, the slides were dried with N~2~ and placed in a UV/ozone procleaner (Bioforce) for 15 min.

2.2. Materials Synthesis {#sec2.2}
------------------------

For the synthesis of the 3D-FTO films, a home-built setup provided with a ceramic piezoelectric atomizer operating at 20 Watt and 1.6 MHz was employed. To study the effect of the substrate on the film growth, commercial FTO TEC-15-coated soda lime glass and optical-grade fused silica were used as substrates. As the carrier gas, a continuous flow of compressed air was adjusted, varying the flow rates from 2 to 6 L/min. The scheme in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf) describes the main components of the horizontal USP setup.

The glass substrates were placed on top of a spinning Ti disc (2 rpm), which was directly in contact with a molten tin alloy. In this way, each substrate was exposed to the precursor mist at a minimum distance from the nozzle of 1.5 cm during 10 s for every minute of the reaction time. The studied substrate temperature was varied from 450 to 550 °C at intervals of 25 °C. Due to the 20 Watt ultrasound generator being immersed in the atomized solution, the temperature of the solution was kept constant at 23 °C by placing the atomization unit in a cooling water device. The finely atomized aerosol was then carried to the reaction chamber through a Teflon tube measuring 20 mm in inner diameter and 170 mm in length. The reaction duration was studied from 5 to 40 min. The as-prepared samples were subjected to a cleaning procedure similar to the one described for commercial FTO and fused silica glass to remove the presence of unreacted species and carbon deposits from the surface of the nanopyramids.

Conformal hematite coatings were deposited on 3D-FTO and commercial FTO following a vertical USP configuration employing a Sonaer narrow spray atomizer nozzle (60 kHz) coupled with a vortex spray shaper unit. In this case, to decrease the film roughness, the iron acac solution concentration was kept at 20 mM and the carrier gas flow was 4 L/min. The substrate temperature was 450 °C in every case, and the number of USP cycles was 120, rendering film thicknesses of about ∼45 nm. After deposition, the samples were heat-treated at 550 °C for 2 h and 750 °C for 15 min with a heating ramp of 15 °C/min and cooling down naturally to room temperature.

2.3. Material Characterization {#sec2.3}
------------------------------

UV--vis spectroscopy measurements were carried out using a UV--vis--NIR LAMBDA 950S (PerkinElmer) spectrophotometer equipped with a double beam in the transmission mode to allow for simultaneous collection of baseline and the sample spectra. Both transmission and diffuse reflection spectra were recorded from 800 to 350 nm.

X-ray diffraction (XRD) patterns were acquired from 20 to 80° 2θ angles using a D2 (Bruker) diffractometer equipped with a Co Kα X-ray source excited at 30 kV and 10 mA. The acquisition conditions for the diffractograms were 0.04° step size and 1 s integration time.

Scanning electron microscopy (SEM) images showing surface morphology and cross section thickness were taken using an FEI Helios Nanolab 600 FIB-SEM instrument at 5 kV acceleration voltage after focus ion beam (FIB) milling of the sample.

X-ray photoelectron spectroscopy (XPS) on the 3D-FTO and hematite-coated 3D-FTO was carried out on a K-α XP spectrometer (Thermo Scientific) equipped with a monochromatic small-spot (400 μm) X-ray source operating at 72 W, a 180° double focusing hemispherical analyzer with a 128-channel delay line detector, and an Al anode \[*E*(Al Kα) = 1486.6 eV\]. High-resolution spectra of core levels (C 1s, O 1s, Sn 3d, Fe 2p, and Fe 3p) and wide-range survey spectra were recorded with pass energies of 50 and 200 eV, respectively. Binding energy (BE) calibration of the spectra was done by setting the C 1s peak of sp^3^ adventitious carbon to 284.8 eV. Spectra were fitted using CasaXPS software.

2.4. Electrochemical Measurements {#sec2.4}
---------------------------------

Photoelectrochemical measurements were performed using an Ivium CompactStat.h10800 potentiostat with a Pt coil as the counter electrode and saturated Ag/AgCl reference electrode in 1 M NaOH electrolyte solution. A Zahner PECII model with 1 cm^2^ of the sample exposed to the electrolyte was employed as the photoelectrochemical cell. Front side illumination of the samples was provided using a solar simulator Oriel Sol3A 450 W with 101 × 101 mm^2^ beam size calibrated to 1 sun (100 mW/cm^2^). Online gas chromatography (GC) was obtained using a Global Analyzer Solutions Compact GC 4.0 (Interscience). O~2~ was injected via a 50 μL loop and analyzed on a TCD. An injection was done each minute using Kr as an internal standard. IPCE tests were performed on a Zahner cIMPS workstation using a multicolor LED excitation source.

3. Results and Discussion {#sec3}
=========================

3.1. Material Synthesis and Characterization {#sec3.1}
--------------------------------------------

Several parameters in the bottom-up synthesis method explored were studied for the preparation of nanostructured vertical FTO arrays. Keeping the SnCl~4~ and NH~4~F concentrations fixed at 0.2 and 0.5 M, respectively, variations of the temperature, carrier gas flow, and reaction time led to very different morphologies in the final samples. In [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf), scanning electron microscopy (SEM) images of three 3D-FTO samples prepared at 450 °C (a and b), 500 °C (c and d), and 550 °C (e and f) clearly show the impact of the substrate temperature on the grain growth. At temperatures of 450 °C and below, large grains between 500 nm and 1 μm are formed, whereas by increasing the temperature to 500 °C, the average grain size dropped to the range of 200--450 nm.

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the X-ray diffractograms of commercial TEC 15 FTO, the 3D-FTO material prepared at 450 °C, the 3D-FTO material prepared at 500 °C, and the 3D-FTO material prepared at 550 °C. It was found that a further increase in temperature to 550 °C led to a preferential growth of the (101) planes, rendering pyramidal polyhedra with high aspect ratios. The preferred orientation along specific planes in SnO~2~ thin films was already reported back in 1996 by Muramaki et al.,^[@ref31]^ with deposition temperatures ranging from 340 to 480 °C. In their work, it was found that the organometallic precursor type had a major impact on the grain orientation. However, the relatively low deposition temperatures employed resulted in limited knowledge about the temperature influence on the grain growth. A more recent report by Haddad et al.,^[@ref22]^ employing aerosol chemical vapor deposition (CVD), identified different regimes in the nucleation and grain growth of SnO~2~ nanoneedles, which was directly related to the substrate temperature with similar morphologies as those reported in our work. It was observed that the aspect ratio of the SnO~2~ nanocolumns varied exponentially with temperature, obtaining the best results at 600 °C. The activation energy for the growth of SnO~2~ columns was found to be 58.8 kJ/mol, and it was reported that the main driving variable controlling the final dimensions of the nanocolumns was the substrate temperature.

![X-ray diffractograms of commercial TEC 15 FTO (black line), 3D-FTO prepared at 450 °C (red line), 3D-FTO prepared at 500 °C (blue line), and 3D-FTO prepared at 550 °C (pink line). The deposition time for the 3D-FTO samples was 25 min.](am9b05176_0001){#fig1}

Our results are in agreement with the nanostructured morphology reported by Haddad et al.^[@ref22]^ However, in our experiments, it was observed that the growth along the (101) and (301) planes of the cassiterite structure was dominant, as evidenced in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. This difference could be attributed to the presence of NH~4~F during the synthesis of our samples as previously reported by Elangovan et al.,^[@ref21]^ although further research should be conducted to determine the influence of the fluorine precursor on the final orientations. In contrast, commercial TEC 15 FTO shows a very smooth surface with preferred orientations along the (110) and (200) planes. Clearly, when the substrate temperature during deposition was kept at 450 °C, the XRD pattern was very similar to that of TEC 15 FTO. Gradually increasing the substrate temperature showed a significant impact on the grain size and the crystallographic orientations. Unfortunately, our setup could not reach temperatures above 550 °C. However, we would expect an increase in the aspect ratio as reported by Haddad et al.^[@ref22]^ at even higher temperatures.

To further understand the influence of reaction time, a series of samples were prepared, changing the deposition duration from 15 to 35 min. [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf) shows SEM fresh cross sections of three 3D-FTO samples prepared at 550 °C during 15 min (a), 20 min (b), and 25 min (c). While already after 15 min of reaction the formation of nanopyramids was visible, the growth along the height and base was proportional during the first 35 min. To compare the relative increase in surface area with increasing deposition time, double-layer capacitive current plots are presented in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf). The capacitive current in the tested samples reaches its maximum value after 35 min of deposition time. In addition, samples prepared after 35 min of reaction showed the best aspect ratio of the series with an average height of around ∼1 μm and the base diameter varying from 250 to 500 nm, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The randomly oriented nanopyramid arrays showed mostly very sharp terminations at the tip, whereas some of the nanopyramids have an open/unfinished structure.

![Scanning electron microscopy (SEM) images of a 3D-FTO sample prepared at 550 °C and 35 min deposition time. (a) Top view, (b) and (c) 52 ° tilted view, and (d) fresh cross section view.](am9b05176_0002){#fig2}

UV--vis spectroscopy measurements on commercial TEC 15 and 3D-FTO samples deposited on fused silica were performed in the transmission mode in the spectral range 350--750 nm. For comparison purposes, [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf) shows the transmittance of a 3D-FTO sample prepared after 25 min reaction at 550 °C on fused silica versus the transmittance of a commercial FTO TEC 15. On average, the nanostructured samples presented a ∼25% lower transmittance at 400 nm, whereas at wavelengths beyond 600 nm, similar values were obtained. It is worth noting that the samples prepared directly on fused silica presented a very thin compact layer with much higher sheet resistance when compared with samples prepared on commercial FTO. This can be explained by the rapid nucleation of smaller FTO islands on top of the amorphous fused silica that leads to thinner nanopyramids, as can be seen in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf). For that reason, all electrochemical studies in this work were realized employing nanostructured samples deposited on commercial FTO.

The series resistance from the scaffold interface with the current collector can contribute negatively to the final photocurrents. As the nanopyramid 3D-FTO was directly grown on top of commercial FTO TEC 15, a possible change in the sheet resistance could be the origin of a change in the performance of the photoelectrodes. To rule out the possibility of very different conductivities between the prepared 3D-FTO and commercial FTO, a four-point probe analysis was carried out on planar and nanostructured samples. The resistivity data, summarized in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf), indicates that there is a noticeable difference between the nanostructured and planar samples, the latter being about 4 times more resistive. The sheet resistance observed for the commercial TEC 15 sample was 14.47 Ω/sq, which is in agreement with the specifications of the supplier. The lower value of 3.75 Ω/sq for the nanostructured sample is to be expected due to the noticeably thicker film in the nanostructured samples, as higher FTO thickness is known to improve conductivity.^[@ref32],[@ref33]^ While commercial TEC 15 FTO shows an average thickness of 380 ± 15 nm, the nanostructured FTO samples grown directly on commercial FTO present a much higher base thickness ranging from 850 to 950 nm. Given that the charge carrier mobility and electrical conductivity in FTO are directly proportional to crystallite size and layer thickness, contrary to what happens with other types of nanostructured scaffolds, our USP-prepared FTO scaffold not only serves as a high-area substrate and current collector but also decreases the final sheet resistance of the photoelectrode. It is also worth mentioning that the resistance of the samples after annealing treatment in the oven at 750 °C for 15 min did increase a few ohms, which is similar to what happens with commercial TEC 15 samples. However, the heating and cooling ramps must be carefully controlled as the nanostructured FTO samples are prone to form cracks.

A study of the surface chemistry of nanostructured 3D-FTO scaffolds and commercial FTO was done by means of X-ray photoelectron spectroscopy (XPS). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the core-level spectra of the O 1s and Sn 3d edges of a 3D-FTO scaffold (panels a and b) prepared after 35 min at 550 °C and a commercial TEC 15 FTO substrate (panels c and d). Fluorine (F 1s edge) could not be detected at the surface of both samples, which suggests a low F doping level of the FTO films. The O 1s binding energies of both samples are the same (binding energy (BE) = 531.1 eV). The Sn 3d~5/2~ BE values are also the same at 487.3 and 487.2 eV for the nanostructured and commercial samples, respectively (spin--orbit splitting of 8.4 eV). The Sn 3d core spectral lines show distinctly asymmetric profiles, similar to those found in related conducting oxide systems including PbO~2--*x*~,^[@ref34]^ Sn~x~In~2--*x*~O~3~,^[@ref35]^ and Sb*~x~*Sn~1--*x*~O~2~.^[@ref36]^ The XPS spectra may be fitted with two Voigt components, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The high-BE component is the broader of the two and has a predominant Lorentzian contribution to the line shape. Two alternative approaches have been used to describe this type of line shape. According to a model developed by Kotani and Toyozawa,^[@ref37]^ the low-BE component corresponds to a final state where the core hole is screened by localization of a mobile conduction electron, whereas the high-BE component corresponds to a lifetime broadened unscreened final state.

![(a) and (b) X-ray photoelectron spectroscopy (XPS) data for the O 1s and Sn 3d edges of a 3D-FTO sample prepared at 550 °C during 35 min. (c) and (d) XPS data for the O 1s and Sn 3d edges of a commercial TEC 15 FTO sample.](am9b05176_0003){#fig3}

Alternatively, it was recently shown that the high-BE component can be described as an unusually strong plasmon satellite resulting from a coupling of the Sn core hole to the plasma oscillations of the free electrons introduced by doping.^[@ref38]^ A similar asymmetry can be observed in the O 1s level, which, however, might also be due to the presence of spectrally overlapping hydroxyl and carbonate groups on the surface.

According to the obtained data from the XPS analysis, the surface chemistry of the nanostructured and commercial TEC 15 FTO samples is very similar. However, one of the direct consequences of the high aspect ratio obtained with these nanopyramid morphologies is an increase of surface area and different exposed crystalline facets of the substrate. This difference in surface termination could be a source of potential point defects leading to interfacial electron--hole recombination. Therefore, a comprehensive analysis of the exposed crystalline facets and surface groups should be undertaken in future studies.

From the information obtained with the different characterization methods (XRD, SEM, and XPS), we should expect similar electronic properties on both 3D-FTO substrates and commercial FTO samples. The main difference is the higher aspect ratio and lower sheet resistance in our 3D-FTO samples compared to commercial FTO. It should be noted that the sheet resistance is lower due to the thickness of our 3D-FTO samples, which is roughly 2.5 times higher than that of commercial FTO.

3.2. Electrocatalytic Performance Testing {#sec3.2}
-----------------------------------------

The thermodynamic potential for the OER is *E*~OER~^°^ = +1.23 V~RHE~. However, the implication of surface kinetics and intermediate reactions, such as the hydrogen peroxide formation, leads to higher values. For instance, commercial FTO shows a high overvoltage of around 500 mV leading to poor OER activity. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows a sweep voltammetry comparison between a commercial FTO electrode and an optimized 3D-FTO sample prepared after 35 min at 550 °C. Not only the current onset potential is lower for the nanostructured sample but also the current density at 2 V~RHE~ is about 5 times higher. This could be attributed to two aspects. First, the surface area of the nanostructured sample is higher. Second, the presence of different crystalline facets and/or defects exposed to the electrolyte may aid the catalytic performance.

![(a) Linear sweep voltammetry of a bare 3D-FTO (blue line) and a bare commercial TEC 15 FTO (black line). (b) cyclic voltammograms (5th repetition) of the Ni~(1--*x*)~Fe*~x~*(OH)~2~ electrocatalyst prepared after 40 successive ionic layer adsorption and reaction (SILAR) cycles on 3D-FTO (blue line) and commercial TEC 15 FTO (black line). The scan rate is 10 mV/s in 1 M NaOH electrolyte.](am9b05176_0004){#fig4}

Recently, we have demonstrated in our lab the fabrication of a very active and amorphous ultrathin Ni~(1--*x*)~Fe*~x~*(OH)~2~ OER catalyst prepared by successive ionic layer adsorption and reaction (SILAR).^[@ref39]^ Employing the SILAR technique, we have managed to conformally coat both the nanostructured and commercial FTO substrates with a ∼20 nm thick layer of amorphous Ni~(1--*x*)~Fe*~x~*(OH)~2~ catalyst. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b shows cyclic voltammetry of the same samples as in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a after being coated with a ∼20 nm thick Ni~(1--*x*)~Fe*~x~*(OH)~2~ catalyst by SILAR. Clearly, the onset potential for the OER in both samples coated with Ni~(1--*x*)~Fe*~x~*(OH)~2~ is very similar with a difference of less than 50 mV. However, the linear part of the voltammogram for the nanostructured sample shows current densities about 5 times higher than that of the commercial sample. In addition, the nickel reduction peaks shown in the cathodic direction of the cyclic voltammetry present a much higher area for the nanostructured samples. Given that now we are looking exclusively at the OER activity of the amorphous Ni~(1--*x*)~Fe*~x~*(OH)~2~ catalyst, we may conclude that the main reason for the higher activity in the nanostructured samples is strictly related to the higher surface area presented by the high aspect ratio of the nanopyramid arrays.

To gain some knowledge about the influence of the nanostructured scaffolds on the photoelectrochemical performance of metal-oxide photoelectrodes, hematite was selected as a good example of photoabsorber given its very low carrier mobility and simple preparation. It should be pointed out that the hematite samples tested in this work were undoped and their thickness was not optimized for maximum performance. They serve merely as a proof of concept leaving much room for optimization. For the synthesis of hematite films on commercial TEC 15 FTO and nanostructured 3D-FTO substrates, vertical USP was employed. As we are interested in studying the effect of the higher surface provided by the 3D-FTO substrates, we have decided to keep the hematite layer thickness close to the calculated space charge layer^[@ref7]^ at ∼45 nm or 120 USP cycles. The SEM image in [Figure S9a](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf) corresponds to a top view of a hematite thin film deposited on commercial FTO and annealed at 550 °C for 2 h and at 750 °C for 15 min, whereas the SEM image in [Figure S9b](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf) shows a cross section of the same sample employing focused ion beam-scanning electron microscopy (FIB-SEM) where a 300 nm Pt coating was used as the protective layer. Hematite films deposited on planar commercial FTO substrates were highly conformal and crack free with an average thickness of ∼50 nm along the whole sample surface. When the same USP process for hematite deposition was employed on 3D-FTO substrates, the conformality along the cross section of the nanopyramids was very heterogeneous. While the tips of the nanostructures presented an average hematite thickness between 45 and 50 nm, the coating at the bottom part of the nanopyramids was found to be ranging from 15 to 30 nm in the majority of the observed samples. The SEM images of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} offer a good example of the average morphology obtained for a 120 USP cycles hematite film annealed at 550 °C for 2 h and 750 °C for 15 min.

![Scanning electron microscopy (SEM) images of a ∼45 nm hematite photoanode deposited by USP (120 cycles) on 3D-FTO. (a) Top view, (b) 52° tilted view, (c) focused ion beam (FIB)-SEM cross section of the sample, and (d) fresh cross section of the same sample immersed in liquid N~2~ for 10 s and mechanically fractured in two pieces.](am9b05176_0005){#fig5}

Given that the nanopyramid arrays are randomly oriented, it was very complicated to obtain reliable thickness measurements employing FIB-SEM, as observed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c. However, fresh cross sections of the samples revealed a clear change in the hematite layer thickness along the profile of the nanostructures, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d. We should emphasize that due to the uneven thickness of the hematite coatings on 3D-FTO substrates, the performance comparison between the planar and nanostructured photoanodes prepared by USP is only approximate. Clearly, further research work employing conformal coating deposition techniques, such as atomic layer deposition (ALD), must be used to fully estimate the real gain in performance due to the nanostructured scaffold. Nevertheless, every sample examined in this work presented a continuous hematite coating without exposing any cracks or patches of FTO to the electrolyte.

To further study the difference in surface chemistry between the planar and nanostructured photoelectrodes, XPS analysis was employed in samples annealed at 750 °C for 15 min after electrochemical testing, as depicted in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. Although no dopants were used for the preparation of hematite photoanodes in this work, unintentional doping with Sn species diffusing from the substrate can be expected after annealing at high temperature.^[@ref40]^ However, the Sn/Fe ratio in the nanostructured samples obtained from the XPS survey spectra was much higher (11 atom % Sn) than that of the planar counterpart (3 atom % Sn). This difference could be attributed to the lack of conformality of the hematite film thickness shown in the FIB-SEM cross sections of the nanostructured samples. The chemical state of Fe, though, was very similar in both samples (Fe 2p~3/2~ XPS peaks at 724.5 and 724.3 eV for the nanostructured and planar sample, respectively). These values are typical for Fe~2~O~3~.^[@ref41]^ The slight shift to higher BE values for the nanostructured sample is also observed for the Fe 3p, Sn 3d, and O 1s edges (see [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf)) and can accordingly be attributed to a higher n-type doping of the nanostructured sample. A higher concentration of unintentional Sn-doping increases the n-type doping and therefore brings the chemical potential (i.e., Fermi level) of the Fe~2~O~3~ closer to the conduction band. As XPS is referred to the Fermi level of the samples, an increase of the Fermi-level energy results in a shift of the core lines to higher BE values. In addition, the Na 2s XPS peak at 63.9 eV can be clearly observed in the nanostructured sample, which indicates that despite careful cleaning with abundant distilled water after electrochemical testing, Na traces from the electrolyte (1 M NaOH) still remain at the surface.

![(a), (b), and (c) X-ray photoelectron spectroscopy (XPS) data of the Fe 3p, Fe 2p, and Sn 3d edges, respectively, obtained from hematite samples deposited on 3D-FTO heat-treated at 750 °C for 15 min. (d), (e), and (f) X-ray photoelectron spectroscopy (XPS) data of the Fe 3p, Fe 2p, and Sn 3d edges, respectively, obtained from hematite samples deposited on commercial FTO heat-treated at 750 °C for 15 min.](am9b05176_0006){#fig6}

The large difference in Sn surface concentration between nanostructured and planar hematite could have an important impact on their respective performances. As mentioned above, the nonconformal nature of the hematite coating onto the nanostructured FTO substrates leads to areas with very thin hematite layers of roughly ∼15 nm in thickness, whereas planar hematite shows a continuous layer of about ∼50 nm. The effect of surface Sn in planar hematite samples annealed at 800 °C for 13.5 min was studied by Shinde et al.^[@ref42]^ In their work, it was reported that planar hematite samples presenting a Sn/(Fe + Sn) surface content of 9.3 atom % showed an increase of 37% in photocurrent (at 1.23 V vs RHE) when compared to samples with a surface Sn/(Sn + Fe) content of 4.9 atom %. Moreover, in a follow-up paper from the same research group, it was determined that high Sn contents at the surface of hematite samples resulted in important anodic shifts for the onset photocurrents due to the formation of a resistant SnO*~x~* layer.^[@ref43]^ Given that the hematite layer thickness in some regions of the nanostructured samples is close to the depth sensitivity of the XPS measurement, it is reasonable to assume that the thinnest layers might show higher Sn contents, leading to a heterogeneous Sn surface distribution. Angle-resolved XPS can provide detailed chemical as well as depth profile information about the near-surface composition of thin films.^[@ref44],[@ref45]^[Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf) summarizes the Sn/Fe ratio obtained at take-off angles (ToA) θ 90° and θ 10° for the nanostructured and planar photoanodes. It is worth noting that the Sn distribution in the nanostructured sample is very broad, especially at a ToA of 90°.

To confirm the higher effective light absorbance from the nanostructured samples, UV--vis--NIR spectroscopy was employed. As expected, the hematite-coated 3D-FTO substrate exhibits a much higher light absorption compared to the planar sample, especially at longer wavelengths. [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf) shows the stronger light-harvesting effect of the nanostructured hematite photoanode (blue line) compared to the planar version (black line). From the SEM images of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the largest distance between the tips of two neighboring nanopyramids can be estimated between 400 and 500 nm, which together with their random orientation facilitate the scattering effect, thus enhancing the light absorption. Despite the significant enhancement in light absorption of the nanostructured samples, with near-unity absorption values at wavelengths below 600 nm, the lack of conformality in the hematite coating makes it very difficult to draw a clear conclusion about the photoelectrochemical performance enhancement. It is important to note that the improvement of light absorption comes at a price, given that the total transmittance is drastically reduced when our nanostructured substrate was employed as can be seen in [Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf). Nevertheless, further work optimizing the direct growth of 3D-FTO directly onto fused silica substrates must be carried out to explore the use of our nanopyramid structure in tandem systems, where light transmission is much more relevant.

Chopped light linear sweep voltammetry (AM 1.5 simulated illumination) was employed to observe the impact of the nanostructured scaffold on the performance of hematite photoanodes. To compare the water oxidation onset potentials, *V*~on~, from the obtained photoelectrochemical data, we followed the report by Le Formal et al.^[@ref46]^ in which the *V*~on~ was defined as the potential where the slope, d*J*/d*V*, is 0.20 × 10^--3^ mA cm^--2^ mV^--1^, showing a 150 mV lower onset potential for the nanostructured samples in the sweep voltammogram of [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a. Compared to the planar version (black line), comprising a conformal 50 nm thick hematite layer, hematite photoanodes deposited on 3D-FTO substrates (blue line) showed a 4.5-fold improvement of the photocurrents at 1.23 V vs RHE. This impressive gain in photoelectrochemical performance was attributed to the much higher surface area of the high-aspect-ratio nanostructured scaffold. However, as mentioned earlier, the change in the hematite layer thickness ranging from ∼15 nm in the thinnest points up to ∼45 nm at the tips of the nanopyramids makes it difficult to compare the planar versus the nanostructured samples.

![(a) Chopped light sweep voltammograms of a 50 nm thick hematite film on commercial FTO (black) and a nonconformal ca. ∼45 nm hematite film deposited on 3D-FTO (blue line). (b) Chopped light sweep voltammograms of the same set of samples as in (a) after the addition of 0.2 M H~2~O~2~ in the electrolyte solution. (c) Yield of charge separation for nanostructured hematite (blue line) and 50 nm thick planar hematite (black line). (d) Yield of charge injection for nanostructured hematite (blue line) and planar hematite (black line). The electrolyte was 1 M NaOH. The scan rate was 20 mV/s, and 1 sun illumination with a 1.5 AM filter was shone from the electrolyte/hematite side (front illumination).](am9b05176_0007){#fig7}

Another source of important performance differences between the planar and nanostructured samples may be due to different surface terminations and Sn species concentration. Although we have no evidence from XRD due to the ultrathin nature of the hematite films, the different crystal orientation from the nanostructured support compared to the commercial FTO, together with the different Sn concentration along the hematite thickness, could induce a preferential growth of certain crystallographic planes, leading to a distinct concentration of surface states as previously reported.^[@ref47]^

To further investigate whether photocurrent is mainly limited by charge separation or hole injection, chopped linear sweep voltammetries were performed in a 1 M NaOH and 0.2 M H~2~O~2~ electrolyte. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b shows the photoelectrochemical performance of a planar 50 nm sample (black line) and a 3D-FTO sample (blue line) in a 1 M NaOH electrolyte with 0.2 M H~2~O~2~. Without the influence of charge transfer limitations, a photocurrent is obtained at all potentials due to the oxidation of hydrogen peroxide. The nanostructured samples showed an average gain of ∼285% in photocurrent versus the 50 nm planar samples at 1.23 V vs RHE.

To estimate the role that the different surface concentrations of Sn and crystal lattice orientation might play in the charge separation and injection, we have investigated the photoelectrochemical performance of the planar and nanostructured samples during the much simpler H~2~O~2~ oxidation, as first described by Dotan et al.^[@ref48]^ Here, the water splitting photocurrent (*J*~ph~) can be described aswere *J*~abs~ is the photon absorption rate expressed as current density (assuming APCE 100%), η~sep~ is the charge separation efficiency within the bulk of the film, and η~inj~ is the efficiency of the hole injection from the semiconductor to the electrolyte. By adding to the electrolyte 0.2 M H~2~O~2~, a well-known hole scavenger, η~inj~, can be assumed as unity. Therefore, η~inj~ and η~sep~ can be obtained according to[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c shows the potential-dependent η~sep~ for a nanostructured hematite sample (blue line) and a planar 50 nm thick hematite sample (black line). In both cases, η~sep~ increases with applied potential as the depletion width increases. This is more noticeable in the nanostructured sample, which reaches a plateau at around 1.35 V vs RHE. However, η~sep~ is very low in both samples, reaching at 1.52 V vs RHE a maximum of 7.5 and 4.0% for the nanostructured and planar samples, respectively. Charge separation is therefore a significant limitation of the photocurrent, although the nanostructured sample showed an η~sep~ improvement of roughly 100% at 1.23 V vs RHE when compared to the planar sample.

Potential-dependent η~inj~ is plotted in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d for both the nanostructured and planar hematite samples. At low applied potentials, η~inj~ is negligible and increases with increasing anodic potentials in a similar manner for both the planar and nanostructured samples, reaching 52 and 68%, respectively, at 1.23 V vs RHE. The injection yield rises with applied potential up to more than 80% for the planar sample and close to 100% in the case of the nanostructured hematite at 1.5 V vs RHE. Interestingly, both samples show a similar slope in the potential-dependent charge injection efficiency, which is an indication of similar charge transfer kinetics taking place at the surface of the electrodes. The thinner hematite layer in the nanostructured photoanode results in less bulk recombination, as seen in the η~sep~ plot of [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c, and more holes are able to reach the electrode/electrolyte interface compared to the planar electrode.

Mott--Schottky analysis was performed to gain further insight into the role of Sn in the water splitting reaction. [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf) shows Mott--Schottky plots at 100 Hz with 1 M NaOH electrolyte for planar and nanostructured hematite photoanodes ([Figure S13a,b](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf), respectively). A 0.05 V shift to lower potential was observed in flat band potential (*V*~fb~) of the nanostructured sample compared to the planar version, which could explain the better injection efficiency and *V*~on~ of the former.

Although initially the origin of the higher photocurrents obtained with the nanostructured samples was attributed primarily to the increase of surface provided by the 3D-FTO scaffolds, the contribution of the hematite layer thickness and surface defects should be taken into account. To estimate the relative difference in the surface area between the planar and nanostructured photoanodes, double-layer capacitance measurements were performed in 1 M NaOH electrolyte, assuming that the only difference between the samples is the surface area. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a summarizes the capacitive current densities at different scan rates from nanostructured (in blue) and planar (black) hematite photoanodes (cyclic voltammetries are provided in [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf)). From the slope of the regression lines, the double-layer capacitance can be compared for both types of electrodes. The nanostructured version shows a capacitance about ∼4.4 times higher than that of the planar photoanode, which could be directly translated to a relative increase in the roughness factor, assuming the same material properties, and thus the same specific capacitance, in both electrodes. This observed increase in the relative surface for the nanostructured samples is in agreement with the relative increase in anodic currents for the samples coated with the amorphous Ni~(1--*x*)~Fe*~x~*(OH)~2~ catalyst.

![Photoelectrochemical water splitting with hematite photoanodes. (a) Capacitive current densities extracted from the cyclic voltammetries at +1.10 V vs RHE plotted against the scan rate. The slope of the regression lines represents the capacitance of the 3D-FTO samples (blue line) and the flat FTO samples (black line). (b) Incident photon-to-current conversion efficiency (IPCE) of an 80 nm thick planar hematite sample (black line) compared to that of nanostructured hematite on 3D-FTO (blue line). (c) Chronoamperometry of a nanostructured hematite sample at 1.24 V vs RHE. (d) Faradaic efficiency measurement of a nanostructured hematite photoanode under simulated 1 sun illumination in a 1 M NaOH electrolyte. The straight line corresponds to the integration of the net photocurrent divided by 4, which corresponds to an FE of 100%. The black dots correspond to O~2~ gas measured with gas chromatography.](am9b05176_0008){#fig8}

To further verify the photocurrent improvement, incident photon-to-current conversion efficiencies (IPCEs) were measured for the 3D-FTO/α-Fe~2~O~3~ nanopyramid electrode and a planar FTO/α-Fe~2~O~3~ electrode as a function of the wavelength. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b reveals that the nanostructured photoanode has a remarkably enhanced visible light response compared to the planar version. This enhancement increases at higher wavelengths being 1.5 times higher at 400 nm and 3 times higher at 550 nm, demonstrating the important benefit provided by the nanostructured FTO scaffold in agreement with the *J*--*V* curves in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. At wavelengths beyond 600 nm, the photoresponse of both samples drops to zero, as expected from the band gap of α-Fe~2~O~3~. The strong enhancement observed on the nanostructured sample could be ascribed to the increase in surface area as well as enhanced light absorption and improved charge separation, although given the lack of conformality of the hematite films, it remains difficult to understand the extent of the enhanced absorption contribution.

It is well known from the literature that under the adequate electrolyte conditions, α-Fe~2~O~3~ photoelectrodes can drive the water splitting reaction with Faradaic efficiencies close to unity.^[@ref49]^ To verify that the measured photocurrents originate from the water splitting and not from photodegradation or any undesired side reactions, gas chromatography was employed for a period of 4 h. The anodic photocurrent obtained during the polarization at 1.24 V vs RHE is presented in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c, whereas the amount of evolved O~2~ gas as a function of time is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}d. For this measurement, the data were recorded after a stabilization period of 1 h. The total amount of O~2~ obtained indicates a Faradaic efficiency of ∼94% with virtually no degradation in the photoperformance during the duration of the experiment.

4. Conclusions {#sec4}
==============

Fluorine-doped tin oxide (FTO) nanopyramids were successfully prepared using a simple template-free bottom-up approach employing the inexpensive and highly scalable ultrasonic spray pyrolysis (USP) technique. By controlling the substrate temperature and reaction time, the aspect ratio of the nanostructures obtained can be tuned, obtaining the best results after 35 min of reaction at 550 °C. The resulting FTO nanostructured scaffolds deposited on fused silica show a 25% lower transmittance at 400 nm compared to the commercial FTO samples and similar resistivity. The viability of the nanostructured scaffolds for their application in water splitting was demonstrated, employing the active Ni~(1--*x*)~Fe*~x~*(OH)~2~ OER catalyst prepared by SILAR. The photoelectrochemical performance of thin hematite coatings prepared by the USP method was also studied. Compared to the planar version, nanostructured hematite photoanodes showed a much higher photocurrent, an observation which was mainly attributed to an increase in the surface area. Our results indicate that the high-aspect-ratio FTO nanopyramids employed as scaffolds help increasing the optical absorbance of the photoactive semiconductor while allowing for the use of ultrathin semiconductor coatings with effective photogenerated charge collection. Thus, decoupling light absorption and charge transfer can be carried out with proper tuning of the surface area and layer thickness of the light absorber.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.9b05176](http://pubs.acs.org/doi/abs/10.1021/acsami.9b05176).UV--vis spectra; sheet resistance measurements; SEM micrographs of intermediate reaction steps; and scheme of in-house-built spray pyrolysis setup ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b05176/suppl_file/am9b05176_si_001.pdf))
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